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Soil extractsSmoke plays a positive role in promoting seed germination and enhancing post-germination processes. The com-
pound in smoke is 3-methyl-2H-furo[2,3-c]pyran-2-one (KAR1). Recently a structurally related butenolide [3,4,5-
trimethylfuran-2(5H)-one, (trimethylbutenolide, TMB)], which inhibits germination and reduces the effect of
KAR1, was isolated. Themechanisms of action and interaction of these karrikins are unknown. In addition, the eco-
logical signiﬁcance of ﬁres in altering soil-smoke-chemistry and the spatial dimensions of the inﬂuence on burnt
sites and neighbouring areas are undetermined. This study quantiﬁed KAR1 and TMB residues in soils following
ﬁre and assessed the germination activity of burnt soil extracts. Soil samples from 0 to 2, 2 to 4, 4 to 6 and 6 to
8 cm depths were extracted using dichloromethane and bioassayed using Lactuca sativa L. achenes (seeds). At
all soil depths, L. sativa seeds exhibited signiﬁcantly greater percentage germination when treated with burnt
soil extracts compared to the no-burn soil (control). The L. sativa seeds also showed signiﬁcantly greater percent-
age germinationwhen treatedwith soil extracts from the adjacent plots. Compared to the no-burn soil, higher con-
centrations of KAR1 and TMBwere detected in the surface layers of the burnt soils. Considerable concentrations of
KAR1 and TMB were also detected in no-burn soil indicating that sources other than ﬁre may also generate
karrikins. Findings of this study imply that post-ﬁre increases in KAR1 residues in the soil may inﬂuence soil
seedbank stimulation of certain smoke-responsive plant communities in both burnt and adjacent non-burnt areas.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
The history of ﬁre and smoke on earth is as old as the planet itself.
Fire has affected ecosystems for millions of years and its major role in
shaping global vegetation patterns is one of the oldest observations of
the natural world (Bond and Van Wilgen, 1996; Lamont and He,
2012). It is also recognized that ﬁre (burning) induces immediate
changes in the physical, biological, mineralogical and chemical proper-
ties of the post-ﬁre environment as a result of direct exposure to higher
temperatures and ash deposition (Christensen and Muller, 1975; Van
Staden et al., 2000). A universal response of frequently burnt grassland
ecosystems is the marked transformation in species composition that
follows (Bond and Keeley, 2005). Traditionally, it had been assumed
that some plant species are eliminated by frequentﬁres and that species
adapted to ﬁre increase in abundance in the burnt grassland ecosystems
(Taylor, 1973; Krefting and Ahlgren, 1974). Consequently, most previ-
ous studies on the effects of ﬁre on regeneration (germination) of ﬂam-
mable ecosystems focused on the physical attributes (Christensen and
Muller, 1975) providing limited information on the chemical stimuli
of ﬁre, e.g. smoke and charred wood (Wicklow, 1977).y Elsevier B.V. All rights reserved.However, since the pioneering study by De Lange and Boucher
(1990), the role of smoke as a factor regulating seed germination has
fascinated botanists and the subject has been extensively examined
(Van Staden et al., 2000). To date, plant-derived smoke (aerosol
and solutions) and smoke-isolated karrikinolide [3-methyl-2H-furo[2,3-c]
pyran-2-one] (hereafter named as KAR1) have been shown to be broadly
effective stimulants that enhance seed germination of greater than 1200
species in more than 80 genera worldwide (Dixon et al., 2009).
Although, in general, smokeprovides a positive stimulus for germina-
tion, a negative effect of high concentrations of smoke-water on germi-
nation has also been well demonstrated (Light et al., 2002; Daws et al.,
2007). This negative effect has been attributed to some inhibitory
compounds that are present in plant-derived smoke solutions. Recently,
another butenolide compound i.e. 3,4,5-trimethylfuran-2(5H)-one
(hereafter named as TMB), which inhibits germination and signiﬁcantly
reduces the effect of KAR1, when applied simultaneously, was also isolat-
ed from smoke (Light et al., 2010). However, the ecological signiﬁcance
of grassland ﬁres (burning) in altering the soil-smoke-chemistry (with
respect to the amount of KAR1 and TMB residues in the soil) and the
spatial (vertical and horizontal) dimensions of the inﬂuence on burnt
and unburnt neighbouring sites are still unknown.
Vegetation burning produces huge clouds of smoke which can drift
into neighboring unburnt areas (Andreae, 1991; Preston and Baldwin,
Table 1
Soil core samples collected before and after burning a mesic grassland site at Ukulinga
Research Farm of the University of KwaZulu-Natal, Pietermaritzburg, South Africa.
Treatment Abbreviation Conditions under which soil core samples were
collected
No-burn NB Soil cores collected from no-burn plots not burnt
for more than 60 years (since 1950)
Burnt BP Soil cores collected from burnt plots immediately
after burning
Adjacent 5 m AP-5m Soil cores collected from unburnt but adjacent to
burnt plots after burning (5 meters away)
Adjacent 10 m AP-10m Soil cores collected from unburnt but adjacent
to burnt plots after burning (10 meters away)
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would dissolve into the moisture, essentially producing a smoke
solution. Smokemay also leach into the soil either in a gaseous or liquid
form inﬂuencing the soil seed bank (Read et al., 2000; Crosti et al.,
2006). There is a general suggestion that rain washing and drainage to
rivers from burnt catchments can be an important terrestrial process
that directly inﬂuences germination of aquatic plants (Van Staden
et al., 2000). Therefore, knowledge of the effect and role of ﬁre in alter-
ing soil-smoke chemistry and the subsequent inﬂuence on the
germinable soil seed bank is ecologically signiﬁcant from a conserva-
tion, restoration and weed control perspective (Roche et al., 1997).
This is particularly true for ﬁre-prone grasslands and savannas in
South Africa and elsewhere, where ﬁres of anthropologic or natural or-
igin are common occurrences.
The objectives of the present study were therefore: (1) to assess if
grassland burning affects the soil-smoke content [with respect to the
concentration and distribution of both butenolide compounds (KAR1
and TMB) present in smoke]; 2) to determine if germination activity
of burnt/unburnt/adjacent soil extracts is related to the amount and dis-
tribution of smoke-compound residues in soils following a burn. This
study consisted of two sections: a) GC–MS analysis of burnt soil to de-
termine the concentration anddistribution of KAR1 and b) Lactuca sativa
L. seeds bioassays to determine the germination activity of the burnt soil
extracts. L. sativa seeds are particularly responsive to smoke extracts
and provide a rapid bioassay to evaluate the biological activity of various
extracts (Drewes et al., 1995). The primary aim with the measurement
of smoke related germination cues deposited in the burnt sites was
merely to reveal the concentration change and spatial pattern of these
germination active compounds immediately after ﬁre.
2. Materials and methods
2.1. Site description, burning and soil sampling
The sites used for collecting burnt, unburnt and adjacent soil samples
are located at Ukulinga, a research farm of the University of KwaZulu–
Natal, Pietermaritzburg (29° 24′ E; 30° 24′ S). The plots are situated on
top of a small plateau ranging in altitude from 838 to 847 m a.s.l. Soils
at the site are classiﬁed as Westleigh forms (Soil Classiﬁcation Working
Group, 1991). The vegetation of the area is classiﬁed as southern Tall
Grassveld and is dominated by herbaceous species, mainly Themeda
triandra Forssk, Heteropogon contortus Beauv. ex Roemer and J. A.
Schultes and Tristachya leucothrix Trin. ex Nees (Acocks, 1988). The
sward height averaged 50 ± 6.33 cm (mean ± SE of 20 random
samples).
On 23 March 2011, a back ﬁre (against wind direction) was applied
on the grassland site under the following weather conditions: air tem-
perature of 25 °C, wind speed of 5.4 km h−1 and average relative hu-
midity of 62%. To keep the ﬁre within the demarcated plots, plants
surrounding the plot (edge effect of 2 m) were cut short and soaked
with water before burning. Burning commenced at 12:00 am and was
sustained for only a few seconds. Subsequently (20 min after the cessa-
tion of burning), soil samples were collected from four depths, i.e. 0–2,
2–4, 4–6 and 6–8 cm using a 3 cm diameter auger from plots under
three different conditions (see Table 1). Soil sampling was carried out
with maximum care to avoid potential contamination. The auger used
was ﬁnely calibrated. A hammer was used to drive the auger carefully
down in to the soil to cut a piece of the required layer e.g. 0–2 cm.
The soil was in a semi-moist state, and thus there was no cross contam-
ination between and among the samples. The no-burn soil samples
were collected from sites protected from ﬁre (burning) since 1950
(N60 years) 1 week before burning the plots used for collecting burnt
and adjacent soil samples. To assess the effect of burning on soil
smoke chemistry and to examine the vertical and horizontal migration
of the smoke-derived compounds (i.e. KAR1 and TMB), 80 soil samples
(4 treatments × 4 depths × 5 replications) were collected and testedfor germination activity and used for extraction of karrikins (KAR1 and
TMB).
2.2. Fuel load and fuel moisture
Prior to burning, available fuel loads and fuel moisture content were
estimated by collecting dead and live plant material from 5 quadrats
(1 × 5 m) along an established 50 m transect. In the laboratory, the
sampleswere oven-dried at 120 °C for 72 h. Fuel load and fuelmoisture
content were calculated as follows: fuel moisture content (wet
basis) = (total mass of wet biomass − total mass of dry biomass)/
total mass of wet biomass × 100 (Anderson and Kothmann, 1982).
Dry biomass weights per square meter were converted to tonnes per
hectare.
2.3. Soil extraction methods
Soil sampleswere individually stored in clear plastic bags at−70 °C.
Each soil sample was crushed using a mortar and pestle and sieved to
remove stones and large organic materials. Thereafter, 20 g of each
soil sample (n = 80) was extracted with three volumes (100 and
50 mL × 2) of distilled (puriﬁed) dichloromethane. Dichloromethane
was used as an extracting solvent, because it is known that the
smoke-derived karrikinolide (KAR1) can be easily extracted with this
solvent (Van Staden et al., 2004). Preliminary experiments comparing
dichloromethane and water for preparing the soil extracts showed
that the dichloromethane extraction was suitable for detecting compa-
rable germination activity. This option also provides effective and rapid
drying of the extracts and thus reduces possible loss of the active com-
pounds in smoke. Dichloromethane was evaporated and the residue
redissolved in 10 mL of distilled-water. This extract was then diluted
to give a dilution level of 1:100 v/v andwas used to initiate germination
of the L. sativa seeds throughout the study. Smoke-water tends to have a
“dual regulatory” effect on germination, since high concentrations of
smoke-water inhibit germination, whereas lower concentrations have
a promotive effect (Drewes et al., 1995; Soós et al., 2012).While speciﬁc
data are unavailable (Light et al., 2009), this dilution levelwas chosen in
an attempt to simulate smoke concentration levels that soil stored seeds
at amoderate depthmay experience, especially in situationswhere veg-
etation ﬁres are followed by sufﬁcient rainfall.
2.4. Seed source and bioassay
Germination activity of the soil extracts was assessed using mature
achenes (seeds) of L. sativa L. cv. Grand Rapids (Peto Seeds, Saticoy,
USA). Four replicates of 25 seeds each were placed on two sheets of
Whatman No. 1 ﬁlter paper in 70 mm plastic Petri dishes moistened
with 2.5 mL of the test solutions and distilled H2O serving as control.
The seeds, kept in light-proof boxes, were incubated in the dark at
25 ± 0.5 °C for 24 h, after which germination was recorded. All manip-
ulations were conducted under a green safe light (0.5 μmol m−2 s−1)
(Drewes et al., 1995) and germination was determined as radicle
Table 2
Germination activity of test solutions on Lactuca sativa seeds after 24 h incubation at 25 °C
in the dark. Values are means ± SE. Asterisks denote a signiﬁcant (P b 0.05) difference
from distilled-water and dichloromethane control.
Treatment Germination (%)
Distilled water control 31.2 ± 0.2
Smoke-water (1:500 v/v) 95.7 ± 0.1*
Karrikinolide (10−8 M) 88.7 ± 0.2*
Trimethylbutenolide (10 μM) 6.0 ± 0.3*
Dichloromethane control 30.0 ± 0.1
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germination and for the purpose of a wider comparison and to serve as
positive controls, the L. sativa seedswere also subjected to smoke-water
(1:500 v/v), KAR1 (10−8 M) and TMB (10 μM) solutions (Table 2). A
solvent blank extract (dichloromethane extract prepared in themanner
of the soil extracts without soil sample) was also tested.
The procedure of producing smoke-water solution from different
plant materials has been described by Van Staden et al. (2004). In this
study, dry T. triandra Forssk (Poaceae) leaf material (5 kg) was burnt
in a 20-L metal drum and the smoke generated was funneled to pass
through a glass column containing 500 mL of tap water for 45 min
(Baxter et al., 1994). This smoke-extract was ﬁltered throughWhatman
No. 1 ﬁlter paper and was used as the stock solution. The test solution
was prepared by diluting 1 mL of smoke-extract with 500 mL of
distilled-water (1:500 v/v).
2.5. Extraction of KAR1 and TMB
For KAR1 and TMB extraction, 1 mL acetonitrile was added to 1 g of
soil sample, and the samples vortexed brieﬂy and shaken vigorously for
1 h at 25 °C. Then the soil particles were separated by centrifugation
(10 min, 10,000 g) and the acetonitrile phase was ﬁltered through a
0.22 μM ﬁlter. The GC–MS analysis of KAR1 and TMB content of
smoke-water was carried out with slight modiﬁcations using a
Shimadzu Model GC-MS-QP2010 system (Shimadzu) ﬁtted with an
SP-2380 capillary column (30 m 0.25 mm I.D., df = 0.20 lm; Supelco/
Sigma-Aldrich) following the protocols described by Flematti et al.
(2009) and Light et al. (2010) respectively. The measurement was
done in SCAN mode. The SCAN method is more robust than the ultra-
sensitive SIM method. In a system full of unknown compounds and
unpredictable outcomes regarding the reaction between compoundsTable 3
The effect of various soil extracts obtained from four different burning treatments on germinatio
depth are signiﬁcantly (P b 0.005) different according to Tukey's multiple range test (values in
Treatments Germination (%) Detected KAR1 (nmol/g soil) KAR1 c
0–2 cm
No-burn plot (NB) 18.7 ± 0.7d 2.09 ± 0.21b 0.042
Burnt plot (BP) 94.7 ± 0.3a 3.98 ± 0.27a 0.080
Adjacent plot 5 m (AP-5m) 53.2 ± 1.7b 2.45 ± 0.16b 0.049
Adjacent plot 10 m (AP-10m) 32.0 ± 2.5c 2.52 ± 0.31b 0.050
2–4 cm
NB 27.7 ± 1.7c 1.92 ± 0.17b 0.038
BP 86.7 ± 1.0a 3.15 ± 0.45a 0.063
AP-m 33.2 ± 2.4bc 2.60 ± 0.25ab 0.052
AP-10m 37.7 ± 2.5b 2.07 ± 0.12b 0.041
4–6 cm
NB 20.2 ± 0.7d 1.92 ± 0.17b 0.038
BP 72.2 ± 1.1a 2.46 ± 0.26ab 0.049
AP-5m 45.7 ± 1.6b 2.74 ± 0.32a 0.055
AP-10m 35.2 ± 1.7c 2.12 ± 0.12ab 0.042
6–8 cm
NB 19.2 ± 0.6d 1.88 ± 0.21a 0.038
BP 65.7 ± 0.3a 2.31 ± 0.19a 0.046
AP-5m 47.7 ± 2.4b 2.42 ± 0.19a 0.048
AP-10m 37.0 ± 1.7c 2.05 ± 0.09a 0.041of interest and other materials present in the sample, the SCANmethod
was more preferable. Peaks were identiﬁed according to the retention
times and mass spectra of standards. The detection limits are
100 pmol/microliter (100 nmol/g soil) for TMB and 1 pmol/microliter
(1 nmol/g soil) for KAR1. The GC–MS analysis was repeated 3 times
for each soil sample. The concentrations of KAR1 and TMB obtained
from the GC–MS were subsequently scaled up to enable determination
of KAR1 and TMB concentrations in the 20 g soil samples used in the
bioassay.
2.6. Statistical analysis
The data obtained from the L. sativa seed bioassay was arcsine
transformed and subjected to one one-way analysis of variance
(ANOVA). Data obtained from GC–MS analysis was also subjected to
one-way ANOVA. Tukey's multiple range test at a signiﬁcance level of
5%was calculated. General analysis of variancewas conducted for prob-
abilities (P b 0.005) ofmain effects and their interactions. GenStat (14th
edition, Rothamsted Research Harpenden, UK) statistical package was
used to analyze the data.
3. Results
3.1. Fuel load and fuel moisture
Fuel load and fuelmoisture content of theno-burn siteswas estimat-
ed to be 1.37 ± 0.21 (SE) t ha−1, and 20.97 ± 6.69% respectively. Soil
moisture content of the no-burn sites was also estimated to be
9.24 ± 0.86%. Such a fuel load for the given fuel moisture content was
sufﬁcient to produce hot ﬁres and smoke, with all dead and live grass
cover being consumed.
3.2. The amount and distribution of KAR1 and TMB residues in the soil
The results of GC–MS analysis implemented to detect the concentra-
tion of KAR1 and TMB in soils obtained from the burnt, no-burn and the
adjacent plots are summarized in Table 3. Table 4 of ANOVA also
showed that treatment (burning), depth and treatment × depth inter-
action had a signiﬁcant effect (P b 0.001) on the concentration of
KAR1 in the soil. Treatment also had a highly signiﬁcant (P b 0.001) ef-
fect on the amount of TMB present in the soil. However, depth and
treatment × depth interaction had no signiﬁcant effect on the amountn of Lactuca sativa seeds after 24 h in the dark at 25 °C; different letters in each column and
dicate mean ± SE).
onc. (μM/L in bioassay) Detected TMB (nmol/g soil) TMB conc. (μM/L in bioassay)
104 ± 50b 2.08
276 ± 40a 5.52
295 ± 32a 5.9
310 ± 43a 6.2
127 ± 33c 2.54
380 ± 32a 7.6
339 ± 25a 6.78
228 ± 24b 4.56
146 ± 26b 2.92
370 ± 34a 7.4
307 ± 25a 6.14
206 ± 17b 4.12
152 ± 23c 3.04
387 ± 30a 7.74
334 ± 38ab 6.68
283 ± 27bc 5.66
Table 4
General analysis of variance (ANOVA) with the main effects of their interaction for four
burning treatments and four soil depths.
Source of
variation
Degrees of
freedom
Sum of
squares
Mean
squares
Variance F probability
Germination
Treatment (T) 3 13.696410 4.565470 1135.06 b0.001
Depth (D) 3 0.490436 0.163479 40.64 b0.001
T × D 9 1.698396 0.188711 46.92 b0.001
Residual 144 0.579199 0.004022
Total 156 16.464441
Karrikinolide1 (KAR1)
Treatment (T) 3 23.7814 7.9271 13.67 b0.001
Depth (D) 3 7.6144 2.5381 4.38 b0.006
T × D 9 12.2245 1.3583 2.34 b0.017
Residual 144 83.5187 0.5800
Total 156 127.1389
Inhibitor (TMB)
Treatment (T) 3 1,134,868 378,289 36.46 b0.001
Depth (D) 3 40,517 13,506 1.30 0.276
T × D 9 137,277 15,253 1.47 0.164
Residual 144 1,494,127 10,376
Total 156 2,806,788
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higher concentrations of KAR1were detected in burnt soils compared to
the no-burn control. At all soil depths, ﬁre (burning) caused slight but
statistically non-signiﬁcant increases in the concentration of KAR1 in
the adjacent-unburnt plots (i.e. AP-5m and AP-10m) compared to the
no-burn plots (NB). At the lower soil depth of 6–8 cm, no signiﬁcant dif-
ference in KAR1 concentration was observed among the 4 ﬁre-related
treatments. At all soil depths, the control soil samples (no-burn plots)
exhibited the lowest concentration of TMB. By contrast, at the top
most soil depths (0–2 and 2–4 cm), highly signiﬁcant quantities of
TMB were detected on burnt, AP-5m and AP-10m soils. Compared to
KAR1, several-fold higher concentrations of TMB were detected at all
soil depths for all plots.
3.3. Germination activity of the soil extracts
In comparison to the control, i.e. distilled-water (W), the L. sativa
seeds exhibited 3-fold (N80%) increases in percentage germination in re-
sponse to the positive controls i.e. smoke-water (1:500 v/v) and KAR1
(10−8 M) solutions (Table 2). Dichloromethane (DCM) solvent used
had no effect on germination, but the L. sativa seeds showed a signiﬁcant
reduction in response to the smoke-isolated inhibitory karrikinolide
compound (TMB, 10 μM) compared to the distilled-water control
(Table 2). Results of the L. sativa seed bioassay implemented to detect
the germination activity of the burnt, no-burn and adjacent soil extracts
are provided in Table 3. Table 4 of ANOVA showed that germination ac-
tivity was signiﬁcantly (P b 0.001) affected by treatments (plots), soil
depth and the interaction thereof. The highest variation was accounted
for by treatments followed by the interaction of the treatments with
soil depth. Germination activity in the no-burn plot was not statistically
different from the distilled-water control (Tables 2 and 3). At all soil
depths, the L. sativa seeds achieved maximum percentage germination
when treated with burnt soil extracts compared to all other treatments.
Compared to the no-burn control, the L. sativa also showed signiﬁcantly
higher percentage germination when treated with soil extracts obtained
from AP-5m and AP-10m. In general, germination activity declined
with increases in distance from the site of burn towards AP-5m and
then AP-10m (Table 3).
4. Discussion
In recent years, the positive role and “dual regulation” of plant-
derived smoke and smoke-isolated (stimulatory and inhibitory)karrikins on seed germination has been extensively examined (Light
et al., 2002, 2010). Collectively, various burning experiments displayed
that burnt or smoked soils result in several-fold increases in germination
activity (Roche et al., 1997; Preston and Baldwin, 1999; Ghebrehiwot
et al., 2011). However, there is still scant information on how the
smoke compounds interact in effecting seed germination. Findings of
the present study showed that regardless of the burning treatments ap-
plied, karrikins (both KAR1 and TMB) are present in the soil in relatively
low amounts. The presence of karrikins in grassland soils protected from
ﬁre formore than six decades implies that these compoundsmay be gen-
erated via mechanisms other than ﬁre. This ﬁnding supports the view
that biotic sources such as bacteria, fungi and gorgonians are capable of
generating karrikins (Mukku et al., 2000;Wang et al., 2006). It is also hy-
pothesized that a gradual chemical breakdown of organic matter at the
soil surface due to the action of microbesmay also serve as an alternative
source of karrikins (Dixon et al., 2009; Nelson et al., 2009). For instance,
Li et al. (2006) have isolated four karrikins which are structurally rela-
ted to KAR1 from the bacterium, Streptoverticillium luteoverticillatum.
Hence, regardless of ﬁre history, karrikins may be present in the soil
at low levels but ﬁre may only increase the concentration to germina-
tion active level where soil stored seeds can utilize the signal for break-
ing dormancy.
Despite the presence of reasonable amounts of KAR1, germination
activity of the no-burn plot was not statistically different from the H2O
control (Tables 2 and 3). This raises the entire question of bioavailability
of the smoke-derived compounds in unburnt areas. Soil extraction
methods do not always provide a clear indication of the bioavailability
of certain compounds in soils (Lehman and Blum, 1999). Thus, further
work is required to determine the bioavailability of these smoke-
derived germination compounds and the changes in bioavailability
over time. An alternative explanation, however, is that in unburnt situ-
ations, germination may be modulated by certain inhibitory/dormancy
factors other than TMB present in the soil. Preston and Baldwin
(1999) suggested that the smoke-derived germination cue (which
later was identiﬁed as KAR1) transported from burnt to adjacent
unburnt areas might not necessary stimulate germination, as the
litter-derived factors are able to override the positive effects of the
smoke cue and thereby preserve the dormancy of seed banks. It is also
common in nature that allelopathic phytochemicals such as phenolics
and terpenoids found in aqueous extracts of litter, shoots and roots of
grassland species are indeed strong germination inhibiting factors
(Chou and Young, 1975; Keeley et al., 1985). Such organic phytochem-
icals are also released into the associated soil environment causing neg-
ative effects on germination of other plants (Chou and Young, 1975;
Preston and Baldwin, 1999). With frequent ﬁres, however, heat from
burning vegetationmay destroy the inhibitory effects of such toxic phy-
tochemicals and thus releases the seeds from inhibition (McPherson
and Muller, 1969; Preston and Baldwin, 1999).
Fire signiﬁcantly increased KAR1 concentrations in the topmost soil
(0–2 and 2–4 cm) of the burnt plots with levels decreasing with in-
creases in soil depth. Similarly, ﬁre caused signiﬁcant increases in TMB
concentration in the topmost soil (0–2 and 2–4 cm depth) of the
burnt and adjacent plots. Compared to KAR1, ﬁre generated much
higher quantities of TMB, but the TMB dose generated was much
lower than the germination inhibitory threshold level indicated by
Light et al. (2010) and Soós et al. (2012). Hence, in response to these
ﬁre-induced changes in the chemistry of the topmost soil, germination
activity was promoted accordingly (Table 3). Predictably, germination
activity of the burnt soil extracts increased with increases in KAR1 con-
centration and decreased with increases in TMB concentration. These
ﬁndings generally indicate that KAR1 and TMBgenerated during vegeta-
tion burning are incorporated into the soil, although soil components
and degradation might alter their concentrations and subsequent activ-
ity. The apparent positive relationship between germination activity
and KAR1 concentration suggests that post-ﬁre increases in the number
of germinants/emergents can largely be attributed to the presence of
423H.M. Ghebrehiwot et al. / South African Journal of Botany 88 (2013) 419–424KAR1 residues in the soil following ﬁre. In a ﬁeld trial, Stevens et al.
(2007) observed that a single spray application of KAR1 at the soil sur-
face at a low rate (0.02 g/ha) promoted seedling emergence of some
weed species, indicating the efﬁcacy and leaching depth of KAR1
through the soil seed bank.
It is interesting that in the top soil of the AP-5m and AP-10m, despite
the signiﬁcant increases in TMB, the KAR1 concentration was not statis-
tically different from the no-burn control. These results suggest that the
inhibitory compound in smoke i.e. TMB has been transported to adja-
cent unburnt areas in sufﬁciently detectable amounts. However, unlike
the previous speculation by Preston and Baldwin (1999) who found ev-
idence that both the positive and negative signals in smoke could be
transported to unburnt adjacent areas carried by wind and water, our
GC–MS analysis detected only slight, yet non-signiﬁcant increases in
KAR1 concentration in the adjacent unburnt areas. It should be noted,
however, that many factors including unburnt litter cover, wind speed,
wind direction (downwind and upwind), rain and soil texture might af-
fect concentration of the smoke-derived cues in the adjacent-unburnt
areas following a burn (Preston and Baldwin, 1999).
Currently, one of the most challenging issues related to karrikin-
regulated (stimulated/inhibited) germination is determining the interac-
tion between KAR1 and TMB and its resultant effect on seed germination.
As yet, there is no standard model characterizing the antagonistic inter-
action of KAR1 and TMB and the mechanism has not been fully veriﬁed.
Previously, Light et al. (2010) suggested that the two compounds are
not competitors and TMB modulates germination in a dose-dependent
manner. These authors assessed the germination activity of a range of so-
lutions containing a combination of pure KAR1 and TMB compounds.
They found that at 10 and 100 μM, TMB signiﬁcantly reduced the
positive effect of 0.001 to 0.1 μM KAR1, when applied simultaneously.
However, TMB at a concentration level b10 μM, an added 0.01 μM
KAR1, was able to override the inhibitory effect of TMB (Light et al.,
2010). In other words, irrespective of the KAR1 concentration present,
the inhibitory effect of TMB on germination was only apparent when
its concentration reaches 10 μM, or greater (Soós et al., 2012). Taking
this standard into account, the results of the present study showed that
ﬁre (burning) generates several-fold greater quantities of the inhibitor
(TMB) than the promoter compound in smoke i.e. KAR1. However, the
ﬁre-generated concentration of TMBwas much lower than the standard
dose suggested to be sufﬁcient to block the action of KAR1 i.e. 10 μM
(Light et al., 2010; Soós et al., 2012). Therefore, the TMB concentration
detected in the present study (e.g. 387 nmol per g of soil or 7.74 μM
per 20 g of soil as shown in Table 3), was below the threshold level
(10 μM) and thus did not cause signiﬁcant inhibitory effects on germina-
tion of the L. sativa seeds.
In summary, ﬁndings of this study suggest that ﬁre induces signiﬁ-
cant increases in the concentration of both the stimulatory (KAR1) and
inhibitory (TMB) karrikins in the soil. Fire generatedmuchhigher quan-
tities of TMB than KAR1; however, the ﬁre-driven increases in TMB are
too low (b10 μM) to block the stimulatory action of KAR1 (Light et al.,
2010; Soós et al., 2012). It is ecologically signiﬁcant that such ﬁre-
driven increases in KAR1 concentration are more evident in the topsoil
(0–2 cm) where most herbaceous grassland species deposit their
seeds (Read et al., 2000). Therefore, post-ﬁre increases in the number
of germinants/emergents can partly be explained due to karrikinolide-
mediated stimulation of soil seed bank of certain smoke-responsive
species. Especially, if vegetation ﬁres are followed by rainfall, the ﬁre-
generated TMB concentration can be washed out or diluted to below
threshold level and this can create a favorable condition for enhanced
seedling recruitment from the seed banks of smoke-responsive plant
communities (Heelemann et al., 2008; Anderson et al., 2012).
It is now well established that a number of species from various
vegetation types worldwide have illustrated the widespread ability
of plant-derived smoke and KAR1 in promoting germination. How-
ever, not all species are responsive to smoke and/or karrikin treat-
ments, or perhaps not to the same degree (Van Staden et al., 2000;Clarke and French, 2005). This had led to a new classiﬁcation of spe-
cies according to their responsiveness to ﬁre (smoke), distinguished
as “smoke-responsive” and “non-smoke responsive” species (Van
Staden et al., 2000). This classiﬁcation of species was contradicted
by some authors (e.g. Long et al., 2011; Gorecki et al., 2012), claiming
that responsiveness to the smoke compound (KAR1) is a complex reac-
tionwhich is greatly inﬂuenced bymany factors including light, temper-
ature, seed lot and state of dormancy. Nevertheless, post-ﬁre increases in
KAR1 residues in the soil seed bank should offer a competitive advantage
to the “smoke-responsive” species to germinate, emerge and colonize
burnt sites faster than “non-smoke-responsive” species. In the long-
term, such differences among speciesmay inﬂuence competitive interac-
tions and hence plant community organization.5. Conclusions
Fire (burning) alters the soil chemistry of burnt sites by depositing
considerable amounts of karrikins (KAR1 and TMB). Fire generates
much higher quantities of the inhibitory (TMB) than the stimulatory
compound (KAR1). However, the amount of TMB is not sufﬁcient
(b10 μM) to block the stimulatory effect of KAR1. Hence, post-ﬁre in-
creases in KAR1 residues in the soil seed bankmay offer a competitive ad-
vantage to the “smoke-responsive” species to germinate, emerge and
colonize burnt sites faster than “non-smoke-responsive” species.Acknowledgements
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